Human gait is a complex neurological and musculoskeletal function, of which the genetic basis remains largely unknown. To determine the influence of common genetic variants on gait parameters, we studied 2,946 participants of the Rotterdam Study, a population-based cohort of unrelated elderly individuals. We assessed 30 gait parameters using an electronic walkway, which yielded seven independent gait domains after principal component analysis. Genotypes of participants were imputed to the 1,000 Genomes reference panel for generating genetic relationship matrices to estimate heritability of gait parameters, and for subsequent genome-wide association scans (GWASs) to identify specific variants. Gait domains with the highest age-and sex-adjusted heritability were Variability (h 2 = 61%), Rhythm (37%), and Tandem (32%). For other gait domains, heritability estimates attenuated after adjustment for height and weight. Genome-wide association scans identified a variant on 1p22.3 that was significantly associated with single support time, a variable from the Rhythm domain (rs72953990; N = 2,946; β [SE] = 0.0069 (0.0012), p = 2. 30 × 10 −8 ). This variant did not replicate in an independent sample (N = 362; p = .78). In conclusion, human gait has highly heritable components that are explained by common genetic variation, which are partly attributed to height and weight. Collaborative efforts are needed to identify robust single variant associations for the heritable parameters.
Materials and Methods

Setting
The Rotterdam Study is a prospective, population-based study that investigates 14,926 inhabitants of Rotterdam aged 45 y or over (13) . Subjects were enrolled during three recruitment phases (1990, 2000, and 2006 ) and visit the research center every 3-4 y for various medical examinations. Genotyping was successfully performed on 11,496 subjects. In March 2009, gait assessment was introduced in the study protocol. The Rotterdam Study has been approved by the medical ethics committee according to the Population Study Act Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of the Netherlands. A written informed consent was obtained from all participants.
Gait Assessment
A 5.79-m long pressure-activated walkway (GAITRite Platinum; CIR systems, Sparta, NJ: 4.88-m active area; 120-Hz sampling rate) was used to accurately measure gait parameters, as described previously (14, 15) . Participants performed standardized walking protocols over the walkway. First, participants walked eight times across the walkway at their own pace (normal walk). Second, participants walked at their usual pace, turned halfway, and returned to the starting position (turning). Third, participants walked tandem (ie, heel-to-toe) over a line on the walkway (tandem walk). The first normal walk was considered a practice walk and not included in the analysis. All other recordings were visually inspected and individual footsteps were identified and marked for further processing by the walkway software, from which 30 spatiotemporal (gait) parameters were derived. Principal component analysis identified seven independent components with eigenvalues of one or higher, representing the following gait domains: Rhythm, Phases, Variability, Pace, Tandem, Turning, and Base of Support (14, 15) . Varimax rotation was used to provide domains that are uncorrelated to each other.
Study Population
Between March 2009 and March 2012, 3,651 people were invited for gait assessment. Of these, 129 did not complete gait assessment for the following reasons: 69 for physical problems, 45 for technical reasons, 13 for refusal, and 2 for other reasons. Additionally, we excluded 34 participants for performing less than 16 steps in normal walking, lowering validity of the gait parameters; 3 for using walking aids on the walkway; and 1 for not following instructions. Of 3,484 remaining participants, 2,946 were genotyped. Since not all participants completed all walking conditions, the numbers of participants included vary for the individual variables (where we included the maximal sample size to increase power), but are identical for all the domains since these are derived from principal component analysis, which does not allow for any missing values in the 30 variables.
Genotyping
The three subcohorts of the Rotterdam Study were genotyped with the 550K (cohort 1), 550K duo (cohort 2), and 610K (cohort 3) Illumina arrays. We removed samples with a call rate below 97.5%, gender mismatch, excess autosomal heterozygosity, duplicates or family relations and ethnic outliers, and variants with call rates below 95.0%, failing missingness tests, Hardy-Weinberg equilibrium p-values <10 −6 , and minor allele frequencies <1%. Genotypes were imputed using MACH/minimac software to the 1,000 Genomes Phase I version 3 reference panel (all populations).
Heritability Analysis
To estimate heritability in our sample of unrelated individuals, we used Genome-wide Complex Trait Analysis (16) . This method compares genotypic similarity between individuals to their phenotypic similarity. The 1,000 Genomes imputed genotypes were filtered on imputation quality (R 2 < 0.5) and allele frequency (MAF < 0.01). Pairwise genetic relatedness between all individuals was calculated, and for pairs with more than 0.02 genotype similarity one person was removed.
Heritability analyses were performed for the seven gait domains and (secondarily) for all 30 variables separately. Adjustments were made for age, sex, and the first 10 principal components of population stratification (model 1), and additionally for height (model 2) and weight (model 3). For the Tandem domain, step count and step length during the tandem walk were also included as covariates.
Polygenic Scores
Polygenic scores were created from variants associated with height (N = 180) and BMI (N = 32) at genome-wide significance (6, 17) . Variants were weighted by multiplying the beta coefficient for the corresponding trait with the number of alleles. For each individual, the weighted allele scores were added together to generate the polygenic score.
Genome-Wide Association Scan
Genome-wide association analyses were conducted in the three subcohorts separately using the R package ProbABEL (version 0.42). Gait parameters were analyzed under an additive model with linear regression, covarying for age and sex, height, weight, and first two principal components. The results were adjusted for genomic control and meta-analyzed using the METAL software (18) . Variants with an R 2 < 0.5 and a minor allele frequency (MAF) < 0.01 were removed. Subsequently, a more stringent filter for MAF < 0.05 was added to remove remaining false-positive signals, resulting in 6.2 million variants included in the analyses. Genomewide significance was established at p < 5 × 10 −8 . Manhattan and quantilequantile plots were generated in R (version 3.1.0).
Functional Annotation of Genetic Variants
Genetic variants showing evidence of association with gait parameters were further examined for potential biological function using publicly available databases: Regulomedb, GWASdb, rSNPBase, HaploReg, and SNVrap.
Replication
For genome-wide significant variants replication was attempted in the Tasmanian Study of Cognition and Gait (TASCOG), which investigates cerebrovascular mechanisms underlying gait, balance and cognition. TASCOG comprises a population-based sample of 395 people aged 60-86 living in Southern Tasmania, Australia (19) . They were randomly selected from the electoral roll between 2006 and 2008, but excluded if they lived in a nursing home, had a contraindication for magnetic resonance scanning or were unable to walk without a gait aid. Participants were genotyped using Illumina Hap370CNV chips and completed 6 walks at their preferred walking speed over a 4.6 m computerized GaitRite walkway. Participants started 2 m before and finished 2 m after the walkway.
Statistical Analysis
Cohort-specific results were meta-analyzed using inverse variance meta-analysis. Polygenic scores were transformed into z-scores so that effects are expressed per standard deviation increase for each score. A Bonferroni correction for 14 tests (2 polygenic scores and 7 gait domains) was applied, resulting in a significance threshold of p < .0036. For the candidate gene analyses, a Bonferroni correction for 1,484 tests (212 variants and 7 gait domains) was applied where p < 3.37 × 10 −5 was considered significant. Association analyses of the polygenic scores with gait domains were performed in SPSS version 22, IBM.
Results
Study Population
Mean (SD) age in the Rotterdam Study was 68.2 (9.5) y, ranging from 50 to 97 y, and 1,604 (54.4%) were women. Table 1 shows basic demographic and anthropometric characteristics of the total study population as well as the population with all gait measurements available, which were similar. Notes: Adjustments were made for age, sex, and the first 10 principal components of population stratification (model 1), and additionally for height (model 2) and weight (model 3). GC = gait cycle time, PVE = percentage of variance explained, SD = standard deviation, SE = standard error.
Heritability of Gait Parameters
The Variability, Rhythm, and Tandem domains showed the highest age-and sex-adjusted heritability, which remained after correction for height and weight, but decreased slightly for Rhythm after including height. The Variability domain was more heritable than any of its constituting parameters. For Rhythm, most parameters had higher estimates than the domain score, which was most pronounced for single support time and swing time (ρ = .99). The other gait domains had a smaller heritable component (<.25) and were strongly attenuated after adjustment for height (Pace) and weight (Base of Support, Phases).
To explore whether these decreases in heritability after adjustment for height and weight were due to specific genetic variants related to these traits, polygenic scores of height and body mass index (BMI) were studied in relation to gait (Table 3) . Indeed, the polygenic height score was associated with Rhythm and Pace, but not after adjustment for height itself. The BMI score did not associate with any gait domain after multiple testing correction, but showed a nominally significant effect on Turning that became stronger after adjustment for weight.
GWAS of Gait Traits
GWASs were performed for the three gait domains showing moderate to high heritability (Variability, Rhythm, and Tandem) and their highest heritable parameter (stride length SD, single support time, and sum of the sidestep distance, respectively). Figure 1 shows the Manhattan plots for these traits, with all loci having variants with a p-value < 1 × 10 −6 summarized in Table 4 . Eight variants from a single locus at 1p22. ), and for stride length SD two variants at 9q22.1 and 11p14.3 were found, of which 11p14.3 showed significant heterogeneity across the three cohorts. The most reliable signal for Tandem and sum of the sidestep distance was located on 1p32.1 in KIF14, with top variant rs10800713 showing evidence of transcription factor binding affinity.
Replication of 1p22.3 With Single Support Time
For the genome-wide significant variant for single support time (rs72953990) replication was attempted in the TASCOG study (N = 362), where a similar Rhythm domain was constructed ( Table 5 ). The variant associated with the parameters in the opposite direction, reaching nominal significance with the Rhythm domain (p = .039).
Discussion
Here we determined the contribution of common genetic variants to an extensive range of gait parameters, for which the genetic basis is largely unknown. Subsequently, we performed a GWAS to identify specific loci influencing gait. We found that the heritability of gait varies across domains and we identified a variant influencing single support time that did not replicate in a small, independent sample. Gait is an important indicator of health (3). Identifying factors that contribute to variation in gait could aid our understanding of gait dysfunction and its associated diseases. Given the highly complex co-operation of multiple organ systems that is required for gait, it is not surprising that we found a genetic architecture that is similar to other complex traits (ie, height, cognition), which are partly determined by multiple common genetic variants, each with a small effect. Others have studied the heritability of walking speed, which mainly forms the Pace domain (9) (10) (11) , and found estimates between 16% and 60%. Similar to Pajala and colleagues, we found walking speed to be only moderately heritable (17%). However, the comprehensive and quantitative gait assessment in our study enabled us to investigate the genetic influence on the gait pattern in more detail than walking speed alone. Interestingly, we found the genetic influence to be much larger on several other gait domains, particularly Variability, Rhythm, and Tandem.
Variability in gait was found to be the most heritable (58%). It captures the irregularity in walking and is believed to be particularly related to cognitive functioning (15) . Interestingly, none of the individual parameters comprising Variability had a heritability >42%, suggesting that the principal component analysis extracted a true genetic (and biological) construct. Although Variability had the highest heritability, no genome-wide significant variants were identified. Importantly, we did not have enough power to detect small effects. However, this does not preclude the possibility of a different genetic architecture. For example, Variability could be influenced by numerous variants with only a small effect that jointly have a large influence but make identification of specific variants difficult. Furthermore, it is possible that the gait parameters comprising this domain each have distinct genetic determinants with larger effects, but that these signals become diluted when analyzing the domain as a whole. However, no genome-wide significant variants were detected for the highest heritable parameter, stride length variability.
We did identify a variant that reached significance in the GWAS of single support time, the highest heritable gait parameter of Rhythm. Replication of the variant was attempted in an independent sample (N = 362), but this failed to show an association with single support time. Whether this represents a false-positive finding or a combination of the winner's curse and a small replication sample can only be clarified by additional studies. This underlines that, in order to detect robust genetic associations for gait, more researchers in the field of human gait need to obtain DNA samples and large genetic collaborations should introduce phenotyping of gait.
This increase in sample size seems particularly promising for Variability, Rhythm, or Tandem. Other gait domains initially showed small to moderate heritability, but the estimates strongly attenuated after adjusting for height and weight. To investigate whether the reduction in heritability was due to genetic variants that primarily associate with these traits, but not with gait, we explored the effect of established variants for height and BMI in relation to gait. Indeed, the polygenic score of height was associated with the same gait domains that showed attenuation after adjustment for height. The BMI score did not show significant associations with the gait domains. Given the lower number of variants for BMI (32) compared to height (180), it is likely that the polygenic score of BMI is less powerful to detect effects. This is underlined by the fact that the BMI score was not convincingly associated with BMI in our sample (p = .056), contrary to the height score with height (p = 6.5 × 10 −47 ). As a whole, our analyses thus seem to suggest that Pace, Base of support, and Phases are potentially not very heritable beyond their correlation with height and weight, and the polygenic score of height adds an additional line of evidence to this finding. Important to note is that the heritability estimates calculated using Genome-wide Complex Trait Analysis represent narrow-sense heritability, and thus only take into account the additive genetic portion of the phenotypic variance while leaving out non-additive effects. Furthermore, Genome-wide Complex Trait Analysis only uses the variants provided as input for determining the genetic similarity. However, causal variants that are not in included (eg, rare variants) but are in linkage disequilibrium with those that are in the analysis will also be indirectly used. Another limitation that is inherent to Genome-wide Complex Trait Analysis is the dependence on unrelated individuals, which produces relatively large standard errors for the heritability estimates in our sample of less than 3,000 persons. This emphasizes the main limitation of our study, namely its low power. Although it is well known that the largest effect sizes typically explain less than 1% of the phenotypic variance of similar quantitative traits (20), we performed this study for several reasons: First, we provide estimates of genetic influence on a comprehensive set of gait parameters, which could serve to direct future genetic studies of gait and as an incentive for larger initiatives. Second, we excluded to a reasonable degree the possibility of genetic variants having large effects on gait. Third, we are not aware of additional studies that have both quantitatively assessed gait and genome-wide genotyping, making this in fact the largest available sample for genetic studies on gait.
In conclusion, we found that human gait comprises various heritable domains. A large number of variants remain to be identified for gait, but this will require large-scale collaborative efforts.
Funding
The 
